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PREFACE

This volume is part of a five-volume set that summarizes the research of participants in the
1993 AFOSR Summer Research Extension Program (SREP). The current volume,
Volume 4A of 5, presents the final reports of SREP participants at Wright Laborarory.

Reports presented in this volume are arranged alphabetically by author and are numbered
consecutively -- e.g., 1-1, 1-2, 1-3; 2-1, 2-2, 2-3, with each series of reports preceded by
a 35 page management summary. Reports in the five-volume set are organized as follows:

VOLUME TITLE

1A Armstrong Laboratory (part one)
1B Armstrong Laboratory (part two)
2 Phillips Laboratory
3 Rome Laboratory

4A Wright Laboratory (part one)

4B Wright Laboratory (part two)

| 5 Arnold Engineering Development Center

Frank J. Seiler Research Laboratory
Wilford Hall Medical Center




1993 SREP FINAL REPORTS

Armstrong Laboratory
VOLUME 1A
Report Title
Report#  Author's University Report Author
1 Three-Dimensional Calculation of Blood Flow in a Thick Dr. Xavier Avula
-Walled Vessel Using the Mechanical & Aerospace
University of Missouri, Rolla, MO AL/AO  Engineering
2 A Study of the Contrast Detection Modeling for Human Eye and Dr. Jer-sen Chen
its Application to Computer Science &
Wright State University, Dayton, OH AL/CF Engineering
3 An Approach to On-Line Assessment and Diagnosis of Student Dr. Nancy Cooke
Troubleshooting Knowl Psychology
New Mexico State University, Las Cruces, NM AL/HR
4 An Experimental Investigation of Hand Torque Strength for Dr. Subramaniam Deivanayagam
Tightening Small Fast Industrial Engineering
Tennessee Technological University, Cookeville, TN AL/HR
5 Determination of Total Peripheral Resistance, Arterial Dr. Dan Ewert
Compliance and Venous Com Electrical Engineering
North Dakota State University, Fargo, ND AL/AO
6 A Computational Thermal Model and Theoretical Dr. Bernard Gerstman
Thermodynamic Model of Laser Induc Physics
Florida International University, Miami, FL AL/OE
7 A Comparison of Various Estimators of Half-Life in the Air Dr. Pushpa Gupta
Force Health Study Mathematics
University of Maine, Orono, ME AL/AO
8 The Effects of Exogenous Melatonin on Fatigue, Performance Mr. Rod Hughes
and Daytime Sleep Psychology
Bowling Green State University, Bowling Green, OH AL/CF
9 A New Protocol for Studying Carotid Baroreceptor Function Dr. Arthur Koblasz
Civil Engineering
Georgia Institute of Technology, Atlanta, GA AL/AO
10 Adaptive Control Architecture for Teleoperated Freflex System  Dr. A. Koivo -
Electrical Engineering
Purdue University, West Lafayette, IN AL/CF
11 A New Construct for Interpreting the Fundamental Dilemma of  Dr. Robert Kundich
Insufficient Tissue Biomedical Engineering
University of Tennessee, Memphis, TN AL/CF
12 An Empirical Test of a Method for Comparison of Alternative Dr. William Moor
Multiship Aircraft Industrial & Management
Arizona State University, Tempe, AZ AL/HR Engineering
13 Remote Monitoring and Reduction of Emotionality in Air Force Dr. B. Mulligan
Laboratory Primates Psychology
University of Georgia Research, Athens, GA AL/OE

ii




1993 SREP FINAL REPORTS

Armstrong Laboratory
VOLUME 1B
Report Title
Report# _ Author's University Report Author

14 Simulation of the Motion of Single and Linked Ellipsiods Dr. David Reynolds
Representing Human Body Biomedical & Human
Wright State University, Dayton, OH AL/CF  Factors

15 Bioeffects of Microwave Radiation on Mammalian Cells and Dr. Donald Robinson
Cell Cultures Chemistry
Xavier University of Louisiana, New Orleans, LA AL/OE

16 Analysis of Isocyanate Monomers and Oligomers in Spray Paint  Dr. Walter Rudzinski
Formulations Chemistry
Southwest Texas State University, San Marcos, TX AL/OE

17 Development of the "Next Generation of the Activities Interest  Dr. Lois Tetrick
Inventory for Se Industrial Relations Prog
Wayne State University, Detroit, MI AL/HR

18 Investigations on the Seasonal Bionomics of the Asian Tiger Dr. Michael Womack
Mosquito, Aedes Albo Natural Science and
Macon College, Macon, GA AL/OE Mathematics

19 Difficulty Facets Underlying Cognitive Ability Test Items Dr. Mary Roznowski

Psychology

Ohio State University, Columbus, OH AL/HR

20 A Simplified Model for Predicting Jet Impingement Heat Mr. Mark Kitchart
Transfer . Mechanical Engineering
North Carolina A & T State University, Greensbore, NC AL/EQ

21 Geostatistical Techniques for Understanding Hydraulic Dr. Valipuram Manoranjan
Conductivity Variability Pure and Applied
Washington State University, Pullman, WA AL/EQ Mathematics

22 An Immobilized Cell Fluidized Bed Bioreactor for Dr. Kenneth Reardon
2,4-Dinitrotoluene Degradation Agricultural and Chemical
Colorado State University, Fort Collins, CO AL/EQ Engineering

23 Applications of Superconductive Devices in Air Force Dr. Xingwu Wang

Electrical Engineering

Alfred University, Aifred, NY AL/EQ

iii




1993 SREP FINAL REPORTS

Phillips Laboratory

Report Title
Author's University

VOLUME 2

10

11

12

13

14

Optimal Passive Damping of a Complex Strut-Built Structure

Towa State University, Ames, IA

Theoretical and Experimental Studies on the Effects of

Low-Energy X-Rays on Elec
University of Arizona, Tucson, AZ

Ultrawideband Antennas with Low Dispersion for Impulse

Radars

University of Alabama, Huntsville, AL

Experimental Neutron Scattering Investigations of

Liquid-Crystal Polymers

Arkansas Technology University, Russellville, AR

High Temperature Spectroscopy of Alkali Metal Vapors for

Solar to Thermal Energy
University of Iowa, Iowa City, IA

A Detailed Investigation of Low-and High-Power Arcjet Plume

Velocity Profiles Us

University of Southern California, Los Angeles, CA
Measurements of Ion-Molecule Reactions at High Temperatures
University of Puerto Rico, Mayaguez, PR

Final Design and Construction of Lidar Receiver for the Starfire

Optical Range

Georgia Institute of Technology, Atlanta, GA
Dynamics of Gas-Phase Ion-Molecule Reactions
Carnegie Mellon University, Pittsburgh, PA

A Numerical Approach to Evaluating Phase Change Material

Performance in Infrared

University of Texas, San Antonio, TX

An Analysis of ISAR Imaging and Image Simulation

Technologies and Related Post
University of Nevada, Reno, NV

Optical and Clear Air Turbulence

Worcester Polytechnic Institut, Worcester, MA
Rotational Dynamics of Lageos Satellite
North Carolina State University, Raleigh, NC

Study of Instabilities Excited by Powerful HF Waves for

Efficient Generation of

Polytechnic University, Farmingdale, NY

Report Author
Dr. Joseph Baumgarten
Mechanical Engineering
PL/VT
Dr. Raymond Bellem
Electrical & Computer
PL/VT  Engineering
Dr. Albert Biggs
Electrical Engineering
PL/WS
Dr. David Elliott
Engineering
PL/RK
Mr. Paul Erdman
Physics and Astronomy
PL/RK

Dr. Daniel Erwin
Aerospace Engineering

PL/RK

Dr. Jeffrey Friedman
Physics

PL/GP

Dr. Gary Gimmestad
Research Institute
PL/LI

Dr. Susan Graul
Chemistry
PL/WS

Mr. Steven Griffin
Engineering
PL/VT

Dr. James Henson
Electrical Engineering
PL/WS

Dr. Mayer Humi
Mathematics
PL/LI

Dr. Arkady Kheyfets
Mathematics
PL/LI

Dr. Spencer Kuo
Electrical Engineering
PL/GP

1V
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1993 SREP FINAL REPORTS

Phillips Laboratory
VOLUME 2
cont’d
Report Title
Report# _ Author's University Report Author
15 Particle Stimulation of Plasmas Dr. Richard Murphy
Physics

University of Missouri, Kansas City, MO PL/WS

16 A Universal Equation of State for Shock in Homogeneous Dr. Jon Shively
Materials Engineering & Computer
California State University, Northridge, CA PL/VT  Science

17 Speed-Up of the Phase Diversity Method Via Reduced Region & Dr. Johanna Stenzel
Optimization Dimen. Arts & Sciences
University of Houston, Victoria, TX PL/LI

18 Analysis of Solwind P-78 Fragmentation Using Empirical And Dr. Arjun Tan
Analytical Codes Physics
Alabama A & M University, Normal, AL PL/WS

19 Experimental Investigations of Homogeneous and Heterogeneous Dr. Philip Whitefield
Nucleation/Condensa Physics
University of Missouri, Rolla, MO PL/LI




1993 SREP FINAL REPORTS

Rome Laboratory
VOLUME 3
Report Title
Report#  Author's University Report Author
1 Analysis and Code for Treating Infinite Arrays of Tapered Dr. Jean-Pierre Bayard
Antennas Printed on Bo Electrical & Electronic
California State University, Sacramento, CA RL/ER  Engineering
2 Comparing Pattern Recognition Systems Dr. Pinyuen Chen
Mathematics
Syracuse University, Syracuse, NY RL/IR
3 Wideband ATM Networks for the Dynamic Theater Dr. Robert Henry
Environment Electrical & Computer
University of Southwestern Louisiana, Lafayette, LA RL/C3  Engineering
4 Congestion Control For ATM Network in a Tectical Theater Mr. Benjamin Hoe
Environment Electrical Engineering
Polytechnic University, Brooklyn, NY RL/C3
5 Automated Natural Language Evaluators (ANLF) Dr. Khosrow Kaikhah
Computer Science
Southwest Texas State College, San Marcos, TX RL/IR
6 System Analysis and Applications for a Photonic Delay Line Dr. Evelyn Monsay
Physics
Le Moyne College, Syracuse, NY RL/OC
7 An Exploratory Investigaton of Multimedia Data Reinforcement Dr. Michael Nilan
for Large-Scale Inf Information Studies
Syracuse University, Syracuse, NY RL/C3
8 Supporting Systematic Testing for Reusable Software Dr. Allen Parrish
Components Computer Science
University of Alabama, Tuscaloosa, AL RL/C3
9 Use of Turnable Fiber Ring Lasers in Optical Communications  Dr Salahuddin Qazi
Optical Communications
SUNY/Institute of Technology, Utica, NY RL/OC
10 Further Monte Carlo Studies of a Theoretical Model for Dr. Jorge Romeu
Non-Gaussian Radar Clutte Assistant Prof. of
SUNY College at Cortland, Cortland, NY RL/OC Mathematics
11 Hierarchical Modeling and Simulation Dr. Robert Sargent
Engineering and Computer
Syracuse University, Syracuse, NY RL/XP  Science
12 Metamodel Applications Using TAC Brawler Dr. Jeffery Tew
Industrial & Systems
Virginia Polytechnic Institute, Blacksburg, VA RL/IR  Engineering
13 Automatic Detection of Prominence in Spontaneous Speech Dr. Colin Wightman

New Mexico Institute of Mining, Socorro, NM

Electrical Engineering
RL/IR



1993 SREP FINAL REPORTS

Wright Laboratory
VOLUME 4A

Report Title
Author's University Report Author
Integrated Estimator/Guidance/Autopilot for Homing Missiles Dr. S. Balakrishan

Mechanical & Aerospace
University of Missouri, Rolla, MO WL/MN Engineering
Studies of NTO Decomposition Dr. Theodore Burkey

Chemistry
Memphis State University, Memphis, TN WL/MN
Investigation of Ray-Beam Basis Functions for Use with the Dr. Robert Burkholder
Generalized Ray Expan Electrical Engineering
Ohio State University, Columbus, OH WL/AA
Wave Mechanics Modeling of Terminal Ballistics Dr. Eugene Callens, Jr.
Phenomenology Mechanical and Industrial
Louisiana Tech University, Ruston, LA WL/MN Engineer
Modeling for Aeroelastic Parameter Estimation of Flexing Dr. Gary Chapman
Slender Bodies in a Bal Mechnical Engineering
University of California, Berkeley, CA WL/MN
Using VHDL in VSL Bist Design Synthesis and its Application to Dr. Chien-In Chen
3-D Pixel Graphic Electrical Engineering
Wright State University, Dayton, OH WL/EL
Study of Part Quality and Shrinkage for Injection Molded Dr. Joe Chow
Aircraft Transparencies Industrial and Systems
Florida International University, Miami, FL WL/FI  Engineering
Implementation of Noise-Reducing Multiple-Source Schlieren Dr. Steven Collicott
Systems Aeronautics and
Purdue University, West Lafayette, IN WL/FI  Astronautical Engineering
Performing Target Classification Using Fussy Morphology Dr. Jennifer Davidson
Neural Networks Electrical Engineering
Towa State University, Ames, IA WL/MN
Turbulent Heat Transfer In Counter-Rotating Disk System Dr. Jamie Ervin

Mechanical and Aerospace
University of Dayton, Dayton, OH WL/ML Engineering

Modelling of Biomaterials for Non-Linear Optical Applications  Dr. Barry Farmer
Materials Science and

University of Virginia, Charlottesville, VA WL/ML Engineering
12 Passive Ranging, Roll-angle Approximation, and Target Dr. Simon Foo
Recognition for Fuze Appli Electrical Engineering
Florida State University, Tallahassee, FL WL/MN
13 A Role of Oxygen and Sulfur Compounds in Jet Fuel Deposit Ms. Ann Gillman
Formation Chemistry
Eastern Kentucky University, Richmond, KY WL/PO
14 Effect of Aeroelasticity on Experimental Nonlinear Indicial Dr. Gary Graham
Responses Measured : Mechanical Engineering

Ohio University, Athens, OH - WL/FI
vii




1993 SREP FINAL REPORTS

Wright Laboratory
VOLUME 4A
cont’d
Report Title
Report#  Author's Universitv Report Author
15 Virtual Reality Information Presentation Technology for Dr. Elmer Grubbs
Avionics Electrical Engineering
New Mexico Highlands University, Las Vegas, NM WL/AA
16 An Investigation of the Thermal Stability of an Dr. Ian Hall
AiC/Ti-22A1-23Nb Metal Matrix Co Materials Science
University of Delaware, Newark, DE WL/ML
17 Investigation of the Combustion Characteristics of Confined Dr. Paul Hedman
Coannular Jets with Chemical Engineering
Brigham Young University, Prove, UT WL/PO
18 Morphology of High-Velocity Perforation of Laminated Plates Dr. David Hui

University of New Orleans, New Orleans, LA

viii

Mechanical Engineering
WL/FI '




1993 SREP FINAL REPORTS

Wright Laboratory
VOLUME 4B
Report Title
Report#  Author's University Report Author

19 Evaluation of Variable Structure Control for Missile Autopilots  Dr. Mario Innocenti
Using Reaction Aerospace Engineering
Auburn University, Auburn, AL WL/MN

20 Laser Imaging and Ranging (LIMAR) Processing Dr. Jack Jean

Computer Science &

Wright State University, Dayton, OH WL/AA Engineering

21 Applications of Wavelet Subband Decomposition in Adaptive Dr. Ismail Jouny
Arrays Electrical Engineering
Lafayette College, Easton, PA WL/AA

22 Micromechanics of Matrix Cracks In Brittle Matrix Composites Dr. Autar Kaw
With Frictional Int Mechanical Engineering
University of South Florida, Tampa, FL WL/ML

23 A Physics-Based Heterojuntion Bipolar Transistor Model Dr. Juin Liou
Including High-Current, Electrical and Computer
Universtiy of Central Florida, Orlando, FL WL/EL  Engineering

24 Electrical and Thermal Modeling of Switched Reluctance Dr. Shy-Shengq Liou
Machines Engineering
San Francisco State Univesity, San Francisco, CA WL/PO

25 Process Migration Facility for the quest Distributed VHDL Mr. Dallas Marks
Simulator Electrical and Computer
University of Cincinnati M.L., Cincinnati, OH WL/AA Engineering

26 Investigation of Third Order Non-Linear Optical Properties of  Dr. Mary Potasek
Strained Layer Sem Applied Physics
Columbia University, New York, NY WL/ML

27 Development of Control Design Methodologies for Flexible Dr. Armando Rodriguez
Systems with Multiple Electrical Engineering
Arizona State University, Tempe, AZ WL/MN

28 Enhanced Liquid Fuel Atomization Through Effervescent Dr Larry Roe
Injection Mechanical Engineering
Virginia Polytechnic Inst & State Coll., Blacksburg, VA WL/PO

29 Sensor Fusion for IRMMW Dual-Mode Sensors Using Artificial Dr. Thaddeus Roppel
Neural Networks Electrical Engineering
Auburn University, Auburn, AL WL/MN

30 Characterizing the Solid Fragment Population in a Debris Cloud Dr. William Schonberg
Created by a Hype Civil and Environmental
University of Alabama, Huntsville, AL WL/MN Engineering

31 Digital Signal Processing Algorithms for Digital EW Receivers Dr. Armab Shaw

Electrical Engineering

Wright State University, Dayton, OH WL/AA

32 An Analytical Model of Laminated Composite Plates for Mr. Robert Slater

Determination of Stresses
University of Cincinnati, Cincinnati, OH

Mechanical & Industrial

WL/FI  Engineering




1993 SREP FINAL REPORTS

Wright Laboratory
VOLUME 4B
cont’d
Report Title
Report#  Author's University Report Author

33 Detection of Internal Defects in Multilayered Plates By Lamb Dr. Kundu Tribikram
Wave Acoustic Micro Civil Engineering and
Universtiy of Arizona, Tucson, AZ WL/ML Engineering

34 Wavelet Analysis of Ultrasonic Signals for Non-Destructive Dr. Theresa Tuthill
Evaluation of Composi Electrical Engineering
University of Dayton, Dayton, OH WL/ML

35 Stochastic Modeling of MBE Growth of Compoud Dr. Ramasubrama Venkatasubraman
Semiconductors Electrical and Computer
University of Nevada, Las Vegas, NV WL/ML Engineering

36 Performance Evaluation And Improvement of a Resonant DC Dr. Subbaraya Yuvarajan
Link Inverter With A Lim Electrical Engineering
North Dakota State University, Fargo, ND WL/PO

37 Three Component LDV Measurements in a Swirl Combustor Dr. Richard Gould

North Carolina State University, Raleigh, NC

Mechanical and Aerospace
WL/PO Engineering



Report #

1993 SREP FINAL REPORTS

Report Title
Author's University

Multigraph

Architectures

Test Unit Nozzle

VOLUME 5
Report Author
Arnold Engineering Development Center
Performance Enhancement for a TI TMS320C40 version of Mr. Ben Abbott
Electrical Engineering
Vanderbilt University, Nashville, TN AEDC/
System Integration Software for Parallel Hardware Dr. Csaba Biegl
Electrical Engineering
Vanderbilt University, Nashville, TN AEDC/
Heat Load Structural Failure Predicition for the AEDC Heat-Hi Dr. Kurt Gramoll
Aerospace Engineering
AEDC/

Georgia Institute of Technology, Atlanta, GA

Coupling of an Inductive Generator with Plasma Erosion
Opening Switch (PEOS) to
Morehouse College, Atlanta, GA

Frank J Seiler Research Laboratory

Active and Passive Control Designs for the FJSRL Flexible

Structure Testbeds
Old Dominion University, Norfolk, VA

Three Dimensional Characterization of Non-Linear Optical

Thin Films
University of Colorado, Colorado Springs, CO

Electrochemistry of Lithium in Room Temperature Molten Salt

Electrolytes
Houghton College, Houghton, NY

Wilford Hall Medical Center

Enhanced Physiologic Monitoring of Patients with Closed
Head-Injury
Memphis State, Memphis, TN

Rheological, Biochemical and Biophysical Studies of
Blood at Elevated Temperatures
University of Miami, Coral Gables, FL

Dr. Carlyle Moore
Physics
AEDC/

Dr. Thomas Alberts
Mechanical Engineering
FJSRL/

Dr. Thomas Christensen
Physics
FJSRL/

Dr. Bernard Piersma
Chemistry
FJSRL/

Dr. Michael Daley
Electrical Engineering
WHMC/

Dr. Walter Drost-Hansen
Chemistry
WHMC




1993 SUMMER RESEARCH EXTENSION PROGRAM (SREP) MANAGEMENT REPORT

1.0 BACKGROUND

Under the provisions of Air Force Office of Scientific Research (AFOSR) contract F49620-90-C-
0076, September 1990, Research & Development Laboratories (RDL), an 8(a) contractor in
Culver City, CA, manages AFOSR’s Summer Research Program. This report is issued in partial
fulfillment of that contract (CLIN 0003AC).

The Summer Research Extension Program (SREP) is one of four programs AFOSR manages
under the Summer Research Program. The Summer Faculty Research Program (SFRP) and the
Graduate Student Research Program (GSRP) place college-level research associates in Air Force
research laboratories around the United States for 8 to 12 weeks of research with Air Force
scientists. The High School Apprenticeship Program (HSAP) is the fourth element of the Summer
Research Program, allowing promising mathematics and science students to spend two months of
their summer vacations working at Air Force laboratories within commuting distance from their

homes.

SFRP associates and exceptional GSRP associates are encouraged, at the end of their summer
tours, to write proposals to extend their summer research during the following calendar year at
their home institutions. AFOSR provides funds adequate to pay for 75 SREP subcontracts. In
addition, AFOSR has traditionally provided further funding, when available, to pay for additional
SREP proposals, including those submitted by associates from Historically Black Colleges and
Universities (HBCUs) and Minority Institutions (MIs). Finally, laboratories may transfer internal
funds to AFOSR to fund additional SREPs. Ultimately the laboratories inform RDL of their
SREP choices, RDL gets AFOSR approval, and RDL forwards a subcontract to the institution
where the SREP associate is employed. The subcontract (see Appendix 1 for a sample) cites the
SREP associate as the principal investigator and requires submission of a report at the end of the
subcontract period.

Institutions are encouraged to share costs of the SREP research, and many do so. The most
common cost-sharing arrangement is reduction in the overhead, fringes, or administrative charges
institutions would normally add on to the principal investigator’s or research associate’s labor.
Some institutions also provide other support (e.g., computer run time, administrative assistance,
facilities and equipment or research assistants) at reduced or no cost.

When RDL receives the signed subcontract, we fund the effort initially by providing 90% of the
subcontract amount to the institution (normally $18,000 for a $20,000 SREP). When we receive
the end-of-research report, we evaluate it administratively and send a copy to the laboratory for a
technical evaluation. When the laboratory notifies us the SREP report is acceptable, we release
the remaining funds to the institution.
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2.0 THE 1993 SREP PROGRAM

SELECTION DATA: A total of 719 facuity members (SFRP Associates) and 286 graduate
students (GSRP associates) applied to participate in the 1992 Summer Research Program. From
these applicants 185 SFRPs and 121 GSRPs were selected. The education level of those selected

was as follows:

1992 SRP Associates, by Degree
SFRP GSRP
PHD MS MS BS
179 6 52 69

Of the participants in the 1992 Summer Research Program 90 percent of SFRPs and 25 percent
of GSRPs submitted proposals for the SREP. Ninety proposals from SFRPs and ten from GSRPs
were selected for funding, which equates to a selection rate of 54% of the SFRP proposals and of

34% for GSRP proposals.

1993 SREP: Proposals Submitted vs. Proposals Selected
Summer Submitted
1992 SREP SREPs
Participants Proposals Funded
SFRP 185 167 90
GSRP 121 29 10
TOTAL 306 196 100
The funding was provided as follows:
Contractual slots funded by AFOSR 75
Laboratory funded 14
Additional funding from AFOSR 11
Total 100
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Six HBCU/MI associates from the 1992 summer program submitted SREP proposals; six were
selected (none were lab-funded; all were funded by additional AFOSR funds).

Proposals Submitted and Selected, by Laboratory
Applied Selected
Air Force Civil Engineering Laboratory 9 4
Armstrong Laboratory 41 19
Arnold Engineering Development Center 12 4
Frank J. Seiler Research Laboratory 6 3
Phillips Laboratory 33 19
Rome Laboratory 31 13
Wilford Hall Medical Center 2 1
Wright Laboratory 62 37
TOTAL 196 100

Note:  Phillips Laboratory funded 3 SREPs; Wright Laboratory funded 11; and AFOSR

funded 11 beyond its contractual 75.

The 306 1992 Summer Research Program participants represented 135 institutions.

Institutions Represented on the 1992 SRP and 1993 SREP
Number of schools Number of schools Number of schools
represented in the represented in represented in
Summer 92 Program submitted proposals Funded Proposals
135 118 73

Forty schools had more than one participant submitting proposals.

Proposals Submitted Per School

# of Schools

1 2 3 4

Number of Proposals

5+

B Submitted
[ Selected
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The selection rate for the 78 schools submitting 1 proposal (68%) was better than those
submitting 2 proposals (61%), 3 proposals (50%), 4 proposals (0%) or 5+ proposals (25%).
The 4 schools that submitted 5+ proposals accounted for 30 (15%) of the 196 proposals

submitted.

Of the 196 proposals submitted, 159 offered institution cost sharing. Of the funded proposals
which offered cost sharing, the minimum cost share was $1000.00, the maximum was

$68,000.00 with an average cost share of $12,016.00.

Proposals and Institution Cost Sharing
Proposals Proposals
Submitted Funded
With cost sharing 159 82
Without cost sharing 37 18
Total 196 100

The SREP participants were residents of 41 different states. Number of states represented at
each laboratory were:

States Represented, by Proposals Submitted/Selected per Laboratory
Proposals Proposals
Submitted Funded
Air Force Civil Engineering Laboratory 8 4
Armstrong Laboratory 21 13
Arnold Engineering Development Center 5 2
Frank J. Seiler Research Laboratory 5 3
Phillips Laboratory 16 14
Rome Laboratory 14 7
Wilford Hall Medical Center 2 1
Wright Laboratory 24 20

Eleven of the 1993 SREP Pﬁncipal Investigators also participated in the 1992 SREP.

ADMINISTRATIVE EVALUATION: The administrative quality of the SREP associates’ final
reports was satisfactory. Most complied with the formatting and other instructions provided to
them by RDL. Ninety seven final reports and two interim reports have been received and are
included in this report. The subcontracts were funded by $1,991,623.00 of Air Force money.

Institution cost sharing totaled $985,353.00.
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TECHNICAL EVALUATION: The form used for the technical evaluation is provided as

Appendix 2. ninety-two evaluation reports were received. Participants by laboratory versus
evaluations submitted is shown below:

Participants | Evaluations Percent

Air Force Civil Engineering Laboratory * * *

Armstrong Laboratory 23 20 95.2
Arnold Engineering Development Center 4 4 100
Frank J. Seiler Research Laboratory 3 3 100
Phillips Laboratory 19° 18 100
Rome Laboratory 13 13 100
Wilford Hall Medical Center 1 1 100
Wright Laboratory 37 34 91.9
Total 100° 93 95.9

*AFCEL was combined with Wright Laboratory’s Flight Dynamics Directorate and Armstrong Laboratories
Environics Directorate in 1993. All four of AFCEL’s SREP awards went to Armstrong Laboratories Environics
Directorate, and their reports are included with Armstrong Lab.

Notes:

1:

3:

Research cn two of the final reports was incomplete as of press time so there aren’t any technical
evaluations on them to process, yet. Percent complete is based upon 20/21=95.2%

One technical evaluation was not completed because one of the final reports was incomplete as of
press time. Percent complete is based upon 18/18=100%

See notes 1 and 2 above. Percent complete is based upon 93/97=95.9%

The number of evaluations submitted for the 1993 SREP (95.9%) shows a marked
improvement over the 1992 SREP submittals (65 %).

PROGRAM EVALUATION: Each laboratory focal point evaluated ten areas (see Appendix

2) with a rating from one (lowest) to five (highest). The distribution of ratings was as follows:

RATING SCORES

600

500

400

300

200

: -

NR 1 2 3 4 5

Rating Not Rated 1 2 3 4 5
# Responses | 7 1 7 62 (6%) | 226 (25%) | 617 (67%)
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The 8 low ratings (one 1 and seven 2’s ) were for question 5 (one 2) “The USAF should
continue to pursue the research in this SREP report” and question 10 (one 1 and six 2’s) “The
one-year period for complete SREP research is about right”, in addition over 30% of the
threes (20 of 62) were for question ten. The average rating by question was:

Question 1 2 3 4 5 6 7 8 9 10

Average | 4.6 4.6 4.7 4.7 4.6 4.7 4.8 4.5 4.6 4.0

The distribution of the averages was:

AREA AVERAGES

3.5

25

1.5

i

4 41 42 43 44 45 46 47 48 49 5

Area 10 “the one-year period for complete SREP research is about right” had the lowest
average rating (4.1). The overall average across all factors was 4.6 with a small sample
standard deviation of 0.2. The average rating for area 10 (4.1) is approximately three sigma
lower than the overall average (4.6) indicating that a significant number of the evaluators feel
that a period of other than one year should be available for complete SREP research.
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The average ratings ranged from 3.4 to 5.0. The overall average for those reports that were
evaluated was 4.6. Since the distribution of the ratings is not a normal distribution the average
of 4.6 is misleading. In fact over half of the reports received an average rating of 4.8 or
higher. The distribution of the average report ratings is as shown:

AVERAGE RATINGS

18
16
14
12
10

30 32 34 36 38 40 42 44 46

It is clear from the high ratings that the laboratories place a high value on AFOSR’s Summer
Research Extension Programs.
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3.0 SUBCONTRACTS SUMMARY

Table 1 provides a summary of the SREP subcontracts. The individual reports are published in
volumes as shown:

Laboratory Volume
Air Force Civil Engineering Laboratory
Armstrong Laboratory

Armold Engineering Development Center
Frank J. Seiler Research Laboratory
Phillips Laboratory

Rome Laboratory

Wilford Hall Medical Center

Wright Laboratory 4A, 4B

N WML

*AFCEL was combined with Wright Laboratory’s Flight Dynamics Directorate and Armstrong
Laboratories Environics Directorate in 1993. All four of AFCEL’s SREP awards went to
Armstrong Laboratories Environics Directorate, and their reports are included with Armstrong

Lab.
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1993 SREP SUB-CONTRACT DATA

TABLE 1: SUBCONTRACTS SUMMARY

Report Author Sponsoring Contract Amount
Author's University Author's Degree Lab Performance Period  Univ. Cost Share
Abbott , Ben M.S. AEDC/ 01/01/93 12/31/93 $19619.00
Electrical Engineering $0.00
Vanderbilt University, Nashville, TN

Alberts , Thomas PhD FISRL/ 01/01/93 04/15/94 $20000.00
Mechanical Engineering $8000.00
Old Dominion University, Norfolk, VA

Avula , Xavier PhD AL/AO 01/01/93 04/15/94 $20000.00
Mechanical & Aerospace Engineering $1836.00
University of Missouri, Rolla, MO

Balakrishan , S. PhD WL/MN 12/01/92 12/14/93 $20000.00
Mechanical & Aerospace Engineering $3996.00
University of Missouri, Rolla, MO .

Baumgarten , Joseph PhD PL/VT 01/01/93 04/01/94 $19916.00
Mechanical Engineering $9083.00
Iowa State University, Ames, IA

Bayard , Jean-Pierre PhD RL/ER 01/01/93 12/31/93 $20000.00
Electrical & Electronic Engineering $7423.00
California State University, Sacramento, CA

Bellem , Raymond PhD PL/VT 01/01/93 02/28/94 $19956.00
Electrical & Computer Engineering $0.00
University of Arizona, Tucson, AZ

Biegl , Csaba PhD AEDC/ 01/01/93 12/31/93 $19999.00
Electrical Engineering $0.00
Vanderbilt University, Nashville, TN

Biggs , Albert PhD PL/WS 01/01/93 12/31/93 $19975.00
Electrical Engineering $0.00
University of Alabama, Huntsville, AL

Burkey , Theodore PhD WL/MN 01/01/93 12/31/93 $20000.00
Chemistry $18648.00
Memphis State University, Memphis, TN

Burkholder , Robert PhD WL/AA 01/01/93 12/31/93 $20000.00
Electrical Engineering $6727.00
Ohio State University, Columbus, OH

Callens, Jr. , Eugene PhD WL/MN 01/01/93 12/31/93 $20000.00
Mechanical and Industrial Engineer $5700.00
Louisiana Tech University, Ruston, LA

Chapman , Gary PhD WL/MN 01/01/93 12/31/94 $20000.00
Mechnical Engineering $0.00
University of California, Berkeley, CA

Chen , Chien-In PhD WL/EL 01/01/93 12/31/93 $20000.00
Electrical Engineering $32065.00
Wright State University, Dayton, OH

Chen , Jer-sen PhD AL/CF 01/01/93 12/31/93 $20000.00
Computer Science & Engineering » $31763.00

Wright State University, Dayton, OH
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1993 SREP SUB-CONTRACT DATA

Report Author Sponsoring Contract Amount

Author's University Author's Degree Lab Performance Period Univ. Cost Share

Chen , Pinyuen PhD RL/IR 01/01/93 12/31/93 $20000.00

Mathematics $0.00

Syracuse University, Syracuse, NY

Chow , Joe PhD WL/FI 01/01/93 01/14/94 $20000.00

Industrial and Systems Engineering $2500.00

Florida International University, Miami, FL

Christensen , Thomas PhD FJSRL/ 01/01/93 12/31/93 $20000.00

Physics $5390.00

University of Colorado, Colorado Springs, CO

Collicott , Steven PhD WL/FI 01/01/93 12/31/93 $20000.00

Aeronautics and Astronautical Engineering $13307.00

Purdue University, West Lafayette, IN

Cooke , Nancy PhD AL/HR 01/01/93 12/31/93 $20000.00

Psychology $6178.00

New Mexico State University, Las Cruces, NM

Daley , Michael PhD WHMC/ 01/01/93 12/31/93 $20000.00

Electrical Engineering $18260.00

Memphis State, Memphis, TN

Davidson , Jennifer PhD WL/MN 01/01/93 02/28/94 $19999.00

Electrical Engineering $0.00

Iowa State University, Ames, IA

Deivanayagam , Subramaniam PhD AL/HR 02/01/93 12/31/93 $20000.00

Industrial Engineering $12491.00

Tennessee Technological University, Cookeville, TN

Elliott , David PhD PL/RK 10/01/92 08/15/93 $20000.00

Engineering $50271.00

Arkansas Technology University, Russellville, AR

Erdman , Paul M.S. PL/RK 01/01/93 12/31/93 $20000.00
$26408.00

Physics and Astronomy
University of Iowa, Iowa City, IA

Ervin , Jamie PhD WL/ML 01/01/93 12/31/93 $18632.00
Mechanical and Aerospace Engineering $3000.00
University of Dayton, Dayton, OH

Erwin , Daniel PhD PL/RK 01/01/93 12/31/93 $19962.00

Aerospace Engineering $12696.00
University of Southern California, Los Angeles, CA

Ewert , Dan PhD AL/AO 01/01/93 12/31/93 $20000.00
Electrical Engineering $2100.00
North Dakota State University, Fargo, ND

Farmer , Barry PhD WL/ML 01/01/93 02/28/94 $20000.00
Materials Science and Engineering $2000.00
University of Virginia, Charlottesville, VA

Foo , Simon PhD WL/MN 01/01/93 12/31/93 $19977.00
Electrical Engineering $0.00
Florida State University, Tallahassee, FL Introduction - 10




1993 SREP SUB-CONTRACT DATA

Report Author Sponsoring Contract Amount
Author's University Author's Degree Lab Performance Period  Univ. Cost Share
Friedman , Jeffrey PhD PL/GP 01/01/93 12/31/93 $20000.00
Physics $10233.00
University of Puerto Rico, Mayaguez, PR

Gerstman , Bernard PhD AL/OE 01/01/93  04/30/94 $19947.00
Physics $2443.00
Florida International University, Miami, FL

Gillman , Ann M.S. WL/PO 01/01/93 12/31/93 $20000.00
Chemistry $15618.00
Eastern Kentucky University, Richmond, KY

Gimmestad , Gary PhD PL/LI 01/01/93 12/31/93 $20000.00
Research Institute $0.00
Georgia Institute of Technology, Atlanta, GA

Gould , Richard PhD WL/PO 01/01/93 12/31/93 $20000.00
Mechanical and Aerospace Engineering $8004.00
North Carolina State University, Raleigh, NC

Graham , Gary PhD WL/FI 01/01/93 12/31/93 $20000.00
Mechanical Engineering $5497.00
Ohio University, Athens, OH

Gramoll , Kurt PhD AEDC/ 01/01/93 12/31/93 $19707.00
Aerospace Engineering $14552.00
Georgia Institute of Technology, Atlanta, GA

Graul , Susan PhD PL/WS 01/01/93 03/31/94 $20000.00
Chemistry $0.00
Carnegie Mellon University, Pittsburgh, PA

Griffin , Steven M.S. PL/VT 01/01/93 12/31/93 $20000.00
Engineering $0.00
University of Texas, San Antonio, TX

Grubbs , Elmer PhD WL/AA 01/01/93 12/31/93 $20000.00
Electrical Engineering $6747.00
New Mexico Highlands University, Las Vegas, NM

Gupta , Pushpa PhD AL/AO 01/01/93 12/31/93 $20000.00
Mathematics $1472.00
University of Maine, Orono, ME

Hall , Ian PhD WL/ML 01/01/93 12/31/93 $20000.00
Materials Science $9580.00
University of Delaware, Newark, DE

Hedman , Paul PhD WL/PO 01/01/93 12/31/93 $19999.00
Chemical Engineering $7755.00
Brigham Young University, Provo, UT

Henry , Robert PhD RL/C3 12/01/92 05/31/93 $19883.00
Electrical & Computer Engineering $11404.00
University of Southwestern Louisiana, Lafayette, LA

Henson , James PhD - PL/WS 01/01/93 12/31/93 $19913.00
Electrical Engineering ; $9338.00

iversi da, Reno, NV
University of Nevada, s Introduction.- 11




1993 SREP SUB-CONTRACT DATA

Report Author Sponsoring Contract Amount

Author's University Author's Degree Lab Performance Period  Univ. Cost Share

Hoe , Benjamin M.S. RL/C3 09/01/92 05/31/93 $19988.00

Electrical Engineering §71560.00

Polytechnic University, Brooklyn, NY

Hughes , Rod M.S. AL/CF 01/01/93 04/15/94 $20000.00

Psychology $20846.00

Bowling Green State University, Bowling Green, OH

Hui , David PhD WL/FI 01/01/93 12/31/93 $20000.00

Mechanical Engineering $0.00

University of New Orleans, New Orleans, LA

Humi , Mayer PhD PL/LI 01/01/93 12/31/93 $20000.00

Mathematics $5000.00

Worcester Polytechnic Institut, Worcester, MA

Innocenti , Mario PhD WL/MN 01/01/93 02/28/94 $20000.00
$12536.00

Aerospace Engineering
Auburn University, Auburn, AL

Jean , Jack PhD WL/AA 01/01/93 12/31/93 $20000.00

Computer Science & Engineering $34036.00
Wright State University, Dayton, OH

Jouny , Ismail PhD WL/AA 01/01/93 12/21/93 $19381.00

Electrical Engineering $4500.00

Lafayette College, Easton, PA

Kaikhah , Khosrow PhD RL/IR 01/01/93 12/31/93 $20000.00
$0.00

Computer Science
Southwest Texas State College, San Marcos, TX

Kaw , Autar PhD WL/ML 01/01/93 12/31/93 $20000.00

Mechanical Engineering $22556.00

University of South Florida, Tampa, FL

Kheyfets , Arkady PhD PL/LI 01/01/93 12/31/93 $20000.00

Mathematics $2500.00

North Carolina State University, Raleigh, NC

Kitchart , Mark M.S. AL/EQ 01/01/93 12/31/93 $20000.00
50.00

Mechanical Engineering
North Carolina A & T State University, Greensboro, NC

Koblasz , Arthur PhD AL/AO 01/01/93 12/31/93 $19826.00

Civil Engineering $0.00
Georgia Institute of Technology, Atlanta, GA

Koivo , A. PhD . AL/CF 01/01/93 06/30/94 $20000.00
Electrical Engineering $0.00
Purdue University, West Lafayette, IN

Kundich , Robert PhD AL/CF 01/01/93 12/31/94 $20000.00
Biomedical Engineering $23045.00
University of Tennessee, Memphis, TN

Kuo , Spencer PhD PL/GP 01/01/93 04/30/94 $20000.00
Electrical Engineering $9731.00
Polytechnic University, Farmingdale, NY fuction- 12
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1993 SREP SUB-CONTRACT DATA

Report Author Sponsoring " Contract Amount
Author's University Author's Degree Lab Performance Perjod Univ. Cost Share
Liou , Juin PhD WL/EL 01/01/93 12/31/93 $20000.00
Electrical and Computer Engineering $9073.00
Universtiy of Central Florida, Orlando, FL

Liou , Shy-Shenq PhD WL/PO 01/01/93 12/31/93 $20000.00
Engineering $13387.00
San Francisco State Univesity, San Francisco, CA

Manoranjan , Valipuram PhD AL/EQ 01/01/93 12/31/93 $19956.00
Pure and Applied Mathematics $10041.00
Washington State University, Pullman, WA

Marks , Dallas M.S. WL/AA 10/01/92 06/30/93 $20000.00
Electrical and Computer Engineering $4731.00
University of Cincinnati M.L., Cincinnati, OH

Monsay , Evelyn PhD RL/OC 01/01/93 12/31/93 $19634.00
Physics $1510.00
Le Moyne College, Syracuse, NY

Moor , William PhD AL/HR 01/01/93 12/31/93 $20000.00
Industrial & Management Engineering $4833.00
Arizona State University, Tempe, AZ

Moore , Carlyle PhD AEDC/ 01/01/93 12/31/93 $20000.00
Physics $4880.00
Morehouse College, Atlanta, GA

Mulligan , B. PhD AL/OE 01/01/93 04/15/94 $19998.00
Psychology $13936.00
University of Georgia Research, Athens, GA

Murphy , Richard PhD PL/WS 01/01/93 12/31/93 $20000.00
Physics $13022.00
University of Missouri, Kansas City, MO

Nilan , Michael PhD RL/C3 01/01/93 12/31/93 $19998.00
Information Studies $13016.00
Syracuse University, Syracuse, NY

Parrish , Allen PhD RL/C3 01/01/93 12/31/93 $19919.00
Computer Science $20599.00
University of Alabama, Tuscaloosa, AL

Piersma , Bernard PhD FISRL/ 01/01/93 12/31/93 $20000.00
Chemistry . $4000.00
Houghton College, Houghton, NY

Potasek , Mary PhD WL/ML 12/01/93 11/30/93 $20000.00
Applied Physics $7806.00
Columbia University, New York, NY

Qazi , Salahuddin PhD RL/OC 01/01/93 12/31/93 $20000.00
Optical Communications $68000.00
SUNY/Institute of Technology, Utica, NY

Reardon , Kenneth PhD AL/EQ 01/01/93 01/31/94 $19996.00
Agricultural and Chemical Engineering $12561.00

Colorado State University, Fort Collins, CO Introduction - 13




1993 SREP SUB-CONTRACT DATA

Report Author Sponsoring Contract Amount

Author's University Author's Degree Lab Performance Period  Univ. Cost Share

Reynolds , David PhD AL/CF 01/01/93 06/30/94 $20000.00

Biomedical & Human Factors $14063.00

Wright State University, Dayton, OH

Robinson , Donald PhD AL/OE 01/01/93 06/30/94 $20000.00

Chemistry $12935.00

Xavier University of Louisiana, New Orleans, LA

Rodriguez , Armando PhD WL/MN 01/01/93 12/31/93 $20000.00

Electrical Engineering $0.00

Arizona State University, Tempe, AZ

Roe , Larry PhD WL/PO 01/01/93 12/31/93 $20000.00

Mechanical Engineering $11421.00

Virginia Polytechnic Inst & State Coll., Blacksburg, VA

Romeu , Jorge PhD RL/OC 01/01/93 12/31/93 $19997.00
$7129.00

Assistant Prof. of Mathematics
SUNY College at Cortland, Cortland, NY

Roppel , Thaddeus PhD WL/MN 01/01/93 12/31/93 $20000.00

Electrical Engineering $21133.00

Auburn University, Auburn, AL

Roznowski , Mary PhD AL/HR 01/01/93 03/31/94 $19953.00

Psychology $6086.00

Ohio State University, Columbus, OH

Rudzinski , Walter PhD AL/OE 01/01/93 12/31/93 $20000.00

Chemistry $10120.00

Southwest Texas State University, San Marcos, TX

Sargent , Robert PhD RL/XP 01/01/93 12/31/93 $20000.00
$11931.00

Engineering and Computer Science
Syracuse University, Syracuse, NY

Schonberg , William PhD WL/MN 01/01/93 12/31/93 $19991.00

Civil and Environmental Engineering $5083.00
University of Alabama, Huntsville, AL

Shaw , Arnab PhD WL/AA 01/01/93 12/31/93 $20000.00
Electrical Engineering $4766.00
Wright State University, Dayton, OH

Shively , Jon PhD PL/VT 01/01/93 12/31/93 $20000.00

Engineering & Computer Science $9782.00

California State University, Northridge, CA

Slater , Robert M.S. WL/FI 01/01/93 12/31/93 520000.00

Mechanical & Industrial Engineering $8257.00
University of Cincinnati, Cincinnati, OH

Stenzel , Johanna PhD PL/LI 01/01/93 12/31/93 $20000.00

Arts & Sciences $9056.00
University of Houston, Victoria, TX

PhD PL/WS 01/01/93 12/31/93 $20000.00

Tan , Arjun
$1000.00

Physics

Alabama A & M University, Normal, AL
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1993 SREP SUB-CONTRACT DATA

Report Author Sponsoring Contract Amount
Author's University Author's Degree Lab Performance Period  Univ. Cost Share
Tetrick , Lois PhD AL/HR 01/01/93 12/31/93 $20000.00
Industrial Relations Prog $17872.00
Wayne State University, Detroit, MI

Tew , Jeffery PhD RL/IR 05/31/93 12/31/93 $16489.00
Industrial & Systems Engineering $4546.00
Virginia Polytechnic Institute, Blacksburg, VA

Tribikram , Kundu PhD WL/ML 01/01/93 12/31/93 $20000.00
Civil Engineering and Engineering $9685.00
Universtiy of Arizona, Tucson, AZ

Tuthill , Theresa PhD WL/ML 01/01/93 12/31/93 $20000.00
Electrical Engineering $24002.00
University of Dayton, Dayton, OH

Venkatasubraman , Ramasubrama PhD WL/ML 01/01/93 12/31/93 $20000.00
Electrical and Computer Engineering $18776.00
University of Nevada, Las Vegas, NV

Wang , Xingwu PhD AL/EQ 01/01/93 12/31/93 $20000.00
Electrical Engineering $10000.00
Alfred University, Alfred, NY

Whitefield , Philip PhD PL/LI 01/01/93 03/01/94 $20000.00
Physics _ $11040.00
University of Missouri, Rolla, MO

Wightman , Colin PhD RL/AR 01/01/93 12/31/93 $20000.00
Electrical Engineering $1850.00
New Mexico Institute of Mining, Socorro, NM

Womack , Michael PhD AL/OE 01/01/93 06/30/94 $19028.00
Natural Science and Mathematics $6066.00
Macon College, Macon, GA

Yuvarajan , Subbaraya PhD WL/PO 01/01/93 12/31/93 $19985.00
Electrical Engineering $22974.00

North Dakota State University, Fargo, ND
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APPENDIX 1:

SAMPLE SREP SUBCONTRACT
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AIR FORCE OFFICE OF SCIENTIFIC RESEARCH
1993 SUMMER RESEARCH EXTENSION PROGRAM SUBCONTRACT 93-133

BETWEEN

Research & Development Laboratories
5800 Uplander Way
Culver City, CA 90230-6608

AND

San Francisco State University
Untversity Comptroller
San Francisco, CA 94132

REFERENCE: Summer Research Extension Program Proposal 93-133
Start Date:  01/01/93 End Date: 12/31/93
Proposal Amount:  $20,000.00

(1)  PRINCIPAL INVESTIGATOR: Dr. Shy Shenq P. Liou
Engineering
San Francisco State University
San Francisco, CA 94132

(2) UNITED STATES AFOSR CONTRACT NUMBER: F49620-90-C-09076

(3) CATALOG OF FEDERAL DOMESTIC ASSISTANCE NUMBER (CFDA): 12.800
PROJECT TITLE: AIR FORCE DEFENSE RESEARCH SOURCES PROGRAM

(49) ATTACHMENTS 1 AND 2: SREP REPORT INSTRUCTIONS

*** SIGN SREP SUBCONTRACT AND RETURN TQ RDI ***
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BACKGROUND: Research & Development Laboratories (RDL) is under contract
(F49620-90-C-0076) to the United States Air Force to administer the Summer Research
Programs (SRP), sponsored by the Air Force Office of Scientific Research (AFOSR),
Bolling Air Force Base, D.C. Under the SRP, a selected number of college faculty

members and graduate students spend part of the summer conducting research in Air Force

laboratories. After completion of the summer tour participants may submit, through their
home institutions, proposals for follow-on research. The follow-on research is known as
the Summer Research Extension Program (SREP). Approximately 75 SREP proposals
annually will be selected by the Air Force for funding of up to $20,000; shared funding
by the academic institution is encouraged. SREP efforts selected for funding are
administered by RDL through subcontracts with the institutions. This subcontract

represents such an agreement between RDL and the institution designated in Section 5

below.

RDL PAYMENTS: RDL will provide the following payments to SREP institutions:

® 90 percent of the negotiated SREP dollar amount at the start of the SREP Research
period.

® the remainder of the funds within 30 days after receipt at RDL of the acceptable
written final report for the SREP research.

INSTITUTION'S RESPONSIBILITIES: As a subcontractor to RDL, the institution

designated on the title page will:
a. Assure that the research performed and the resources utilized adhere to those defined
in the SREP proposal.
b. Provide the level and amounts of institutional support specified in the RIP proposal.
¢. Notify RDL as soon as possible, but not later than 30 days, of any changes in 3a or
3b above, or any change to the assignment or amount of participation of the Principal

Investigator designated on the title page.
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d. Assure that the research is completed and the final report is delivered to RDL not
later than twelve months from the effective date of this subcontract, but no later than
December 31, 1993. The effective date of the subcontract is one week after the date
that the institution's contracting representative signs this subcontract, but no later than
January 15, 1993.

e. Assure that the final report is submitted in accordance with Attachment 1.

f.  Agree that any release of information relating to this subcontract (news releases,
articles, manuscripts, brochures, advertisements, still and motion pictures, speeches,
trade association meetings, symposia, etc.) will include a statement that the project
or effort depicted was or is sponsored by: Air Force Office of Scientific Research,
Bolling AFB, D.C.

g. Notify RDL of inventions or patents claimed as the result of this research as specified
in Attachment 1.

h. RDL is required by the prime contract to flow down patent rights and technical data
requirements in this subcontract. Attachment 2 to this subcontract contains a list of
contract clauses incorporated by reference in the prime contract.

All notices to RDL shall be addressed to:

RDL Summer Research Program Office
5800 Uplander Way
Culver City, CA 90230-6608

By their signatures below, the parties agree to the provisions of this subcontract.

Abe S. Sopher Signature of Institution Contracting Official
RDL Contracts Manager

Typed/Printed Name
Date Title

Institution

(Date/Phone)
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ATTACHMENT 2
CONTRACT CLAUSES

This contract incorporates by reference the following clauses of the Federal
Acquisition Regulations (FAR), with the same force and effect as if they were given in full
text. Upon request, the Contracting Officer or RDL will make their full text available

(FAR 52.252-2).

OFFICIALS NOT TO BENEFIT (APR 1984)

COVENANT AGAINST CONTINGENT FEES (APR 1984)

RESTRICTIONS ON SUBCONTRACTOR SALES TO THE

ANTI-KICKBACK PROCEDURES (OCT 1988)

LIMITATION ON PAYMENTS TO INFLUENCE CERTAIN
FEDERAL TRANSACTIONS (JAN 1990)

SECURITY REQUIREMENTS (APR 1984)
PROTECTING THE GOVERNMENT’S INTEREST WHEN

SUBCONTRACTING WITH CONTRACTORS DEBARRED,
SUSPENDED, OR PROPOSED FOR DEBARMENT

DEFENSE PRIORITY AND ALLOCATION REQUIREMENTS

EXAMINATION OF RECORDS BY COMPTROLLER

AUDIT - NEGOTIATION (DEC 1989)

EQUAL OPPORTUNITY (APR 1984)

FAR CLAUSES  TITLE AND DATE
52.202-1 DEFINITIONS (SEP 1991)
52.203-1
52.203-3 GRATUITIES (APR 1984)
52.203-5
52.304-6

GOVERNMENT (JUL 1985)
52.203-7
52.203-12
52.204-2
52.209-6

(NOV 1992)
52.212-8

(SEP 1990)
52.215-1

GENERAL (APR 1984)
52.215-2
52.222-26
52.222-28

EQUAL OPPORTUNITY PREAWARD CLEARANCE OF
SUBCONTRACTS (APR 1984)
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52.222-35

52.222-36

52.222-37

52.223-2

52.232-6

52.224-1

52.224-2

52.225-13

52.227-1

52.227-2

52.227-10

52.227-11

52.228-6

52.228-7

52.230-5

52.232-23

52.237-3

AFFIRMATIVE ACTION FOR SPECIAL DISABLED AND
VIETNAM ERA VETERANS (APR 1984)

AFFIRMATIVE ACTION FOR HANDICAPPED WORKERS
(APR 1984)

EMPLOYMENT REPORTS ON SPECIAL DISABLED
VETERAN AND VETERANS OF THE VIETNAM ERA
(JAN 1988)

CLEAN AIR AND WATER (APR 1984)

DRUG-FREE WORKPLACE (JUL 1990)

PRIVACY ACT NOTIFICATION (APR 1984)
PRIVACY ACT (APR 1984)

RESTRICTIONS ON CONTRACTING WITH SANCTIONED
PERSONS (MAY 1989)

AUTHORIZATION AND CONSENT (APR 1984)

NOTICE AND ASSISTANCE REGARDING PATENT AND
COPYRIGHT INFRINGEMENT (APR 1984)

FILING OF PATENT APPLICATIONS - CLASSIFIED
SUBJECT MATTER (APR 1984)

PATENT RIGHTS - RETENTION BY THE CONTRACTOR
(SHORT FORM) (JUN 1989)

INSURANCE - IMMUNITY FROM TORT LIABILITY
(APR 1984)

INSURANCE - LIABILITY TO THIRD PERSONS (APR 1984)

DISCLOSURE AND CONSISTENCY OF COST ACCOUNTING
PRACTICES (AUG 1992)

ASSIGNMENT OF CLAIMS (JAN 1986)

CONTINUITY OF SERVICES (JAN 1991)
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52.246-25

52.249-6

52.249-14

52.251-1

LIMITATION OF LIABILITY - SERVICES (APR 1984)
TERMINATION (COST-REIMBURSEMENT) (MAY 1986)
EXCUSABLE DELAYS (APR 1984)

GOVERNMENT SUPPLY SOURCES (APR 1984)
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APPENDIX 2:

SAMPLE TECHNICAL EVALUATION FORM
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1993 SUMMER RESEARCH EXTENSION PROGRAM

RIP NO.: 93-0092
RIP ASSOCIATE: Dr. Gary T. Chapman

Provided are several evaluation statements followed by ratings of
(1) through (5). A rating of (1) is the lowest and (5) is the
highest. Circle the rating level number you best feel rates the
statement. Document additional comments on the back of this

evaluation form.

Mail or fax the completed form to :

RDL

Attn: 1993 SREP TECH EVALS
5800 Uplander Way

Culver City, CA 90230-6608
(FAX: 310 216-5940)

1. This SREP report has a high level of technical merit. 1 2 3 4 5

2. The SREP program is important to accomplishing the labs’s 1 2 3 4 5
mission

3. This SREP report accomplished what the associate’s pro- 1 2 3 4 5
posal promised.

4. This SREP report addresses area(s) important to the USAF 1 2 3 4 5

5. The USAF should continue to pursue the research in this 1 2 3 4 5
SREP report

6. The USAF should maintain research relationships with this 1 2 3 4 5
SREP associate

7. The money spent on this SREP effort was well worth it 1 2 3 4 5

8. This SREP report is well organized and well written i 2 3 4 5

9. I’11 be eager to be a focal point for summer and SREP 1 2 3 4 5
associates in the future.

10. The one-year period for complete SREP research is about i1 2 3 4 5
right

**#%*JSE THE BACK OF THIS FORM FOR ADDITIONAL COMMENTS****

LAB FOCAL POINT’S NAME (PRINT):

OFFICE SYMBOL: PHONE :
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APPROXIMATE ANALYTICAL GUIDANCE AND ESTIMATION SCHEMES
FOR HOMING MISSILES

S. N. Balakrishnan and Donald T. Stansbery
Department of Mechanical and Aerospace Engineering
and Engineering Mechanics

University of Missouri-Rolla
Rolla, MO 65401

Final Report for:
Research Initiation Program
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ABSTRACT

In this study polar coordinates are used to obtain a family of analytical guidance laws for homing missiles.
Closed form solutions for the guidance laws are developed using modern control techniques. In order to develop
the guidance laws, the dynamic equations of the target-intercept problem are decoupled through introduction of a
pseudo-control in the radial direction. The commanded acceleration in the radial direction is determined through
the use of pseudo-control and the commanded acceleration in the transverse direction is determined from the
solution to a two-point boundary value problem. The two-point boundary value problem is solved through the use
of the state transition matrix of the intercept dynamics. The resulting optimal guidance law is compared with the
solutions for other guidance laws such as True Proportional Navigation and Ideal Proportional Navigation. An

approximate analytical filter is developed in polar coordinates for use with guidance laws. Analysis of numerical

results from using this filter is given.
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I. INTRODUCTION
The idea of tactical missile guidance originated in Germany during the 1940’s. Although Germany gave

birth to the idea of tactical missile guidance during World War II, they had little success in using the ideas to
produce effective missile-target engagements [1]. Many forms of tactical missile guidance have been developed
and implemented since the early stages of its existence. Most guidance and control laws used in current tactical
missiles are based on classical control design techniques developed in the 1950’s [2]. There are many guidance
laws which can guide a missile to the intercept of a target, such as, line of sight angle guidance, line of sight rate
guidance and advanced guidance based on optimal control theory. For a two-point homing missile guidance problem
the line of sight rate guidance is typically used. Three well known homing guidance laws which use only the
observed motion of the missile-target line of sight (LOS) are pursuit guidance, constant-bearing guidance, and
proportional navigation guidance.

Pursuit guidance is based on the concept that the missile is always flying directly toward the target like a
dog chasing a rabbit (Figure 1). This requires the missile to constantly turn during the engagement unless it is in
a head-on or a tail-chase scenario. This guidance law has the advantage that it is easy to implement and is less
sensitive to noise. The disadvantage of this guidance law is that it will always end up in a tail-chase and if the target
is maneuvering, the missile acceleration requirements will be extremely high near the end of the engagement. With

this guidance law, the missile velocity vector direction must be sensed to steer the missile.

Figure 1 Pursuit Guidance
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Constant-bearing guidance is based on keeping the missile on a straight-line path to the target (Figure 2),
which is accomplished by keeping the LOS between the missile and the target constant (LOS is always parallel to
itself [2]). To keep the LOS constant, the relative velocity between the missile and target must be aligned with the
LOS. This requires proper orientation of the missile velocity at guidance initiation, which will lead the target by
some angle. If the LOS can be kept constant the missile will always intercept the target even if the target is
maneuvering. Constant bearing guidance is more efficient and less demanding than the pursuit guidance. However,
this method is effective only if the target path can be predicted correctly. If the missile is launched with a non-zero
bearing angle, the missile must perform maneuvers to get on the required course which requires additional use of
fuel. Another disadvantage of constant-bearing guidance is that it requires the missile to be able to detect and

correct any changes in the LOS instantaneously.

Figure 2 Constant-Bearing Guidance

The third guidance scheme, proportional navigation guidance, is the most widely used guidance law.
Proportional navigation was first successfully used with the Lark missile in 1950. Since that first success in 1950,
proportional navigation has been used in almost every tactical radar guided missile in the world [1]. Proportional
navigation was developed due to the fact that constant-bearing guidance resulted in a collision course even with a
maneuvering target. To be able to approximate a constant-bearing course, the missile heading rate is made
proportional to the missile-target LOS rate, which keeps the LOS from rotating. If the missile is launched on a
collision course, the heading rate is zero and the bearing angle is constant. If the missile is not launched on a
collision course, there will be some correction in the heading rate so the bearing angle can be driven to a constant,
This guidance law is simple, effective and easy to implement and the maximum missile acceleration is less than what
is required for pursuit guidance. Proportional navigation has difficulty in engagements where the target velocity
is much larger than the missile velocity and when the target is highly maneuverable. This guidance law also
assumes that the missile is able to respond to changes in the LOS immediately.
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With the advancement of technology in the areas of aircraft and missile survivability and maneuverability,
improved methods for missile homing guidance are necessary. The goals for the improved guidance laws are to
make the missile more reliable, more effective, less sensitive to target maneuvers and increase the missiles operating
range. The performance of these guidance laws, which is measured by the miss distance between missile and target,
must also be improved upon. There is a choice as to how the performance of the missile can be improved, by
developing more sophisticated hardware or more sophisticated software. The existing classical guidance and control
schemes are easy to implement but require complex hardware to improve their performance. New modemn guidance
and control techniques can be developed which have better, more complex solutions that do not require complex
hardware. This makes it more feasible to develop a new homing guidance law using modern guidance and control

techniques. Figure 3 demonstrates the modern missile guidance and control approach in block diagram form.
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Figure 3 Modern Missile Guidance and Control

In this study, polar coordinates are used to obtain a closed form solution for an optimal guidance law for
a target-intercept problem [3]. The reason for formulating this problem in polar coordinates is that polar coordinates
are the natural reference system to solve the target-intercept problem since the measurements are bearing angle,
range and range rate. In order to obtain a closed form solution for the commanded accelerations in the radial and
transverse directions, the equations of the intercept dynamics must be decoupled. To decouple the dynamic
equations a pseudo-control is introduced in the radial direction, which produces an optimal control problem in each
direction. The closed form solution in the radial direction is found through the use of the pseudo-control and the
closed form solution in the transverse direction is found by using the state transition matrix of the intercept
dynamics. The closed form solution for the optimal guidance law for the target-intercept problem can then be
compared with two forms of proportional navigation, namely IPN [5] and TPN [6].

The estimates of states are used in guidance laws. The objective of an optimal estimator/filter is to provide
accurate estimates of the states of the system and model parameters of the optimal guidance law. These estimates
depend on many factors, such as, measurements, assumed model structure, inputs to the system and many others.
Modemn estimation methods use measurements and known relationships between various system parameters to

determine the required information needed by the optimal guidance law.
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Many typical filters are developed in rectangular coordinates where the measurements are nonlinear. It
has been suggested that better performance may be possible if polar coordinates are used [10,12,13]. In this study
the optimal estimator/filter for the optimal guidance law will be developed in polar coordinates. In the target-
intercept problem the dynamics are developed in polar coordinates where the states are range, range rate, LOS, and
LOS rate. In the filter there will be angle measurements only (LOS). The other parameters will be determined
based on a priori information about the states.

This study presents the formulation of the target-intercept problem in two dimensions and a detailed
derivation of the optimal guidance law in polar coordinates. The transverse commanded acceleration, as a closed
form solution to the two-point boundary-value problem, is developed using the state transition matrix of the intercept
dynamics. A comparison of existing classical guidance laws with the new optimal guidance law is made. To
complete the design a detailed derivation and implementation of a optimal estimator/filter is demonstrated. Section
2 will establish the two dimensional target-intercept problem in polar coordinates. The dynamic equations will be
decoupled using a pseudo-control in the radial direction. A closed form solution for the optimal guidance law in
the radial and transverse direction will be derived. The closed form solution for the optimal guidance law in the
transverse direction results in a two-point boundary-value problem. Section 3 will present a closed form solution
for the commanded acceleration in the transverse direction through the use of the state transition matrix of the
intercept dynamics. Section 4 will look at D, a design parameter for the optimal guidance law, and approximations
for the expression for D are investigated. The resulting solutions will then be compared to an iterative method to
solve the same homing missile guidance problem. Section 5 will contain a comparison of the new optimal guidance
law with two existing forms of proportional navigation, for a maneuvering and non-maneuvering target. The LOS
rate and commanded acceleration, for IPN and TPN will be compared with the resulting LOS rate and commanded
acceleration for the new guidance law. A comparison of the ability to intercept a maneuvering and non-maneuvering
target will also be presented. A detailed derivation of the approximate analytical estimator/filter will be presented
in Section 6. Results for the state estimates and error covariance from a three-degree-of-freedom simulation will
be compared with simulation results for an extended Kalman filter using numerical iteration for the propagation of

the states and error covariances. Section 7 will contain the conclusions and discuss the future work.

II. OPTIMAL GUIDANCE LAW IN DECOUPLED POLAR COORDINATES

Homing missile guidance is a two-point guidance system which uses the LOS rate to guide the missile
towards its target. Proportional navigation and its derivatives are known to be effective LOS rate guidance systems
[4,7,8,9]. With the need for improved missile performance, new methods for missile guidance have been
investigated using modern control techniques. One area that is being investigated is optimal linear guidance laws
[10,11,12). This type of guidance law is typically developed in Cartesian coordinates with the relative positions,

relative velocities and target accelerations as the states. These states are then used to determine the LOS rate which
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is needed to guide the missile. In this section, an optimal homing missile guidance law will be developed in polar
coordinates which are the natural coordinate system for a missile engagement. This allows the LOS rate to be one

of the states of the system which will be found directly.

PROBLEM FORMULATION
The dynamics of a two dimensional target-intercept problem as shown in Figure 4, can be described in

inertial polar coordinates by two coupled nonlinear differential equations as

@1

2
F-ré a, - a,

14 r

rd + 270 2-2)

ar, = Gy, -

In these equations 7 is the relative range between the target and the missile, 0 is the bearing angle, a, andaT'

are the target accelerations in the radial and transverse directions respectively, and @), and ay,, are the missile

commanded accelerations in the radial and transverse directions respectively. Dots denote differentiation with

respect to time. The target-intercept problem can be expanded into three dimensions by adding the dynamics in the

elevation direction.

Figure 4 Engagement Geometry

In order to decouple the dynamics in the radial and transverse directions, a pseudo-control is defined in

the radial direction as




@y = ay - ré® . (2-3)

By introducing the pseudo-control the dynamics in the radial and transverse directions are decoupled. This allows
the commanded acceleration in each direction to be developed independent of the other.
The commanded accelerations will be determined by designing terminal controllers in the radial and

transverse directions, which are used to bring each system close to desired conditions at the terminal time.

RADIAL (LINE OF SIGHT) COMMANDED ACCELERATION

The equation of motion in the radial direction can be put into a state space form as

y=[r#ag), 2-4)
where
=Y (2-5)
Yo=Y -6y, (2-6)
3= -4y 2-7)

In Eq. (2-7), A, is the inverse time constant, —:_-, associated with the radial target acceleration.

The optimal guidance law in the radial direction is obtained as a solution to minimizing the performance
index, J,, to achieve small terminal miss distances while maintaining acceptable levels of pseudo-control. The

performance index in the radial direction can be written as

J =15 PEL 241 @2-8)
Py Efya"u .

0
In Eq. (2-8), S, is the weight on the terminal miss distance, h, and vy is the weight on the pseudo-control effort.
‘The time-to-go, I, , is approximated as -#I- , assuming that the relative velocity along the line-of-sight is maintained

at a constant.

The pseudo-control which minimizes the performance index in Eq. (2-8) is found to be
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a, O = A @9)

where A, is the Lagrangian multiplier which adjoins the state in Eq. (2-6) to the performance index in Eq. (2-8).

The Lagrangian multiplier can be written as

¥3(0)
A

[
S, 1910 + 13,0 + ——(exp(-A,8) +1,A, - 1)

(2-10)

A 1(‘) = 3
Sk

3y

1+

The instantaneous values of the relative range, y,(#) , and relative range rate, y,(f) , can be obtained through the

integration of Egs. (2-5), (2-6) and (2-7) as

©) 3t, - )12a

5O =3O + 13,0 + 2 tempir ot - SN @1
r
0 txh, 82
3150 = 70 + 2201 - exprer g - Bl EHL 2-12)
A, Y 2y
The actual missile commanded acceleration in the radial direction can be obtained from Eq. (2-3) as

8, ® = a, O + r80) . (2-13)

TRANSVERSE COMMANDED ACCELERATION

The decoupled equation of motion in the transverse direction, given by Eq. (2-2), can be rewritten as

_L20 1 1 3
é = T + ;a,.. -;au. . (2 14)

Since r and # are known from Eq. (2-11) and (2-12) they can be treated as functions of time only. This allows
Eq. (2-14) to be expressed as a time-varying linear differential equation,

6 =nb + s®ar, - g®a,, (2-15)

where f{f) = -% and g@® = % The equation of motion in Eq. (2-15) can be put into a state space form as
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z=[6 6 a,.]’, (2-16)

where
4L =5, @-17)
4, = )z, + 8Way, - 8Way, , (2-18)
4 = ~hezy . (2-19)

In Eq. (3-19), A is the inverse time constant, -%, associated with the transverse target acceleration.

The optimal guidance law in the transverse direction is obtained as a solution to minimizing the
performance index, J,, to achieve small terminal angular rates while maintaining small angular rates and acceptable
levels of control throughout the engagement. The performance index in the transverse direction can be written as

t

1 1
Jo = 55,57 + —f(szzz + yzauoz)dt .
0

2h 2

(2-20)

In Eq. (2-20), Sf. is the weight on the final line-of-sight rate and ¥, and ¥, are the weights on the line-of-sight

rate and the transverse commanded acceleration respectively.
The optimization of Eq. (2-20), which produces the minimizing control, results in a two-point boundary

value problem:

L (0 20 0 A
4| ., f] +[g(t)z,( exp(- ,r)}’ @-21)
Moy o | 0

where A, is the Lagrangian multiplier which adjoins the states in Eq. (2-27) with the performance index in Eq. (2-
20). The two-point boundary value problem can be solved numerically, by using the shooting method, or
analytically if functional forms of f{f) and g(#) are known.

The minimizing control, By, in the transverse direction can be written as
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III. AN OPTIMAL GUIDANCE LAW SOLUTION USING STATE TRANSITION MATRIX

(2-22)

In this section, a solution to the two-point boundary value problem in Eq. (2-21) will be accomplished by

using the state transition matrix of the intercept dynamics. This will produce a closed form solution for the

minimizing control in the transverse direction. The solution to the two-point boundary value problem will first be

found for a non-maneuvering target [2] and then the solution for a maneuvering target will be added.

NON-MANEUVERING TARGET
Without target acceleration Eq. (2-21) can be written as

x0) = ADxQ) ,

where x() = [z,(t) lz(t)]r and A(Y) is

o -£9
AQ) = Y2
Yy -

The solution to the homogeneous differential equation in Eq. (3-1) is
x1) = o(t,e)x(z) ,

where ¢(2,7) is the state transition matrix, which can be written in matrix form as

t, z,
. [¢,,( 1) byl r)]

" opt) dno)|”

The state transition matrix can be found by solving the following equation:

btx) = AOS@T) 5 with (z,7) = I,

@G-1)

(3-2)

(3-3)

G4

(3-5)

where A(f) comes from Eq. (3-2), ®(,t) are the boundary conditions and I is the identity matrix. The time,t,

can be selected based on when the states, X(z), are known (usually the states can be found at time, © = Q).

The earlier assumption, in Section 2, that the closing velocity is constant, can be translated to
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) = -HO@, - 1) . - (3-6)

Using this assumption, f{7) and g(#) can be written as explicit functions of time as

2
t = ’ 3'7
=5 37
8® = —1 (3-8)
- |

By substituting Eqs. (3-7) and (3-8) into Eq. (3-2), A(#) becomes

2 F
t, -1 -

AQ) = =9 & ) 7l (3-9)
R

Using Eq. (3-9) in Eq. (3-5) produces four scalar homogeneous differential equations,

2 F

by (t7) = @ o) - -7 (1) 5 (3-10)

but) = —(tfi_;)-da,z(:,r) - ﬁ%m : @3-11)

bnt®) = ~1,0,00) - f_—t)daz,(:,r) : (3-12)
2

ézz(t"‘) = 'Yl(bu(’ﬂ) - =9 by(t3) (3-13)

&

-In order to solve the four homogeneous differential equations, each equation can be converted into a function of a

single dependent variable as shown.
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Fy, +2)
Py

2
611(‘91) = 'z;r—_—;)'¢u(tsf) + (‘:f

o2 . (Fy, +2)
$u(t7) = "_—(tf =9 b5(87) _——(’/ mpe

Fy, +2
S‘Y+'2¢21(t’f) ’

621(:91) = :)2

- F 2
Busts) = 5—(—*—“—,)%(:,:) .

If we assume a solution for ¢,,(2,t) of the form

b,,07) = K@, - 0,
¢21(t’t) = _Kb(tf - t)".l ’

b, (67) = Kb(b-1)(t, - 2,

b2 -b-(Fy,+2 =0.

The resulting solution for b is

D =‘/9 + 4Fy, .

The solution for ¢,,(1,t) can now be written as
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(3-14)

(3-15)

(3-16)

3-17)

(3-18)

(3-19)

(3-20)

where K is a constant. Egs. (3-18) - (3-20) can be used in Eq. (3-16) to produce a quadratic equation in b as

(3-23)

(3-22)

(3-23)




11 3@ (3-24)

oul) = A -0 T A -t

where A, and A, are constants to be determined from the boundary conditions in Eq. (3-5). Knowing thatat? = t

the boundary condition for ¢,, = 0, we can solve Eq. (3-24) for 4, in terms of A4, as
A = -4y - P (3-25)

We will now use Eq. (3-12) to obtain ¢,,(%,t) as a function of ¢,,(#,7) and &,,(1,%), which can be written

1 2
4’11(’,7) = '_Y':[‘(;;__—‘;d)u(tﬁ) + ‘bz;(‘;r)] . (3-26)

én(t,t) in Eq. (3-26) can be found by differentiating Eq. (3-24) with respect to time. Substituting for $,,(,t) and

4’21(%“) in Eq. (3-26) produces a solution for ¢,,(3,7) as a function of A, and A, which can be written as

Leps 1p-
oultD) =~ @G T - HODENT 1. (327
1

Knowing that at ¢ = t the boundary condition for ¢;; = 1, and A, as a function of A, from Eq. (3-27), we can

solve for A, as

1
-Lo-1
A = Y4 - 1) (3-28)
- :

Substituting Eq. (3-28) into Eq. (3-25) gives the solution for 4, as

1
=(D+1)
Y,¢ - )2 (3-29)
A4 =L — .

D

Since 4, and A, are known, ¢,; and ¢,; can be found at any time ¢, provided that the initial time t is known.

If we assume the same type of solution for ¢,,(,7) as was chosen for ¢, (f,7), $,(#,7) can be written as
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300D (3-30)

.1 =~ (D+
) = Ayt - D 20+ A, - P

where A, and A, are constants that can be determined in the same manner as A; and 4,. The resulting solutions

for A; and A, are

A = D -3
3 Ion (3-31)
2D(@, - 1) *
- (D +3)
i P (-32)
2D, - 7)?

Since 4; and A, are known, ¢, and ¢,, can be found at any time ¢ provided that the initial time t is known.

The solution for ¢(#,7) is now complete.
In order to solve Eq. (3-3) for the states at time ¢ , we must be able to determine the states at time t. The

states at time ¢ can be found by evaluating the states at the final time, #,. From Eq. (3-3) the final states are

M) = bulpD)n® * bulDA® s (3-33)

) = ST + dprDAL) . (3-34)
From the terminal term of the performance index, A,(t) is known to be
M) = 5,70 - (3-35)
By substituting Eq. (3-34) into Eq. (3-35), lz(t) can be found as a function of A,(t) and z,(t) as
M) = S, [00(pDIT(E) + dpltaT) Ao - (3-36)
By setting Eq. (3-36) equal to Eq. (3-33), A,(t) can be found as a function of z)(t) as

[5;,411(157) - $;,(17)]

. (3-37
[0220,%) = 5,600,001 2 ‘

A(%) =

If the terminal line of sight rate, q(tf , is zero, Eq. (3-34) can be used to solve for A,(t) as




= - ¢“(tf’t)zz(t) . (3-38)

A
A7) o)

I